Abstract. To gain insight into the molecular mechanism of hyper-glucocorticoidism in spontaneously hypertensive rats (SHR), this study investigated the expression of genes related to glucocorticoid synthesis, melanocortin 2 receptor (MC2R), steroidogenic acute regulatory protein (StAR), cytochrome P450 side chain cleavage enzyme (P450scc) and 11β-hydroxylase (P450c11), and the transcription factors of steroidogenic factor 1 (SF-1), which stimulates expression of the above gene, and DAX-1 (dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome gene 1), which negatively regulates the transcriptional activity of SF-1, in adrenals from SHR. On quantitative real time RT-PCR analysis, gene expression levels of MC2R, StAR, P450scc and P450c11 in SHR were high compared with those in normotensive Wistar Kyoto rats (WKY). The gene expression level of SF-1 was not different between the two rats. However, the expression level of DAX-1 in SHR was markedly lower than that in WKY. Furthermore, the protein levels of StAR, SF-1 and DAX-1 determined by Western blot analysis coincided well with the gene expressions in both rats. These results suggest that the low level of DAX-1 may enhance the transcriptional activity of SF-1 and expression of genes related to glucocorticoid synthesis, which are targeted by SF-1, in adrenals from SHR.
Introduction
Spontaneously hypertensive rats (SHR) have been widely used for physiological and pharmacological studies on hypertension. Removal of the adrenal gland from SHR results in a fall of blood pressure, indicating the involvement of adrenal hormones on the development of hypertension in SHR (Aoki 1963; Ruch et al. 1984; Hashimoto et al. 1989) . Glucocorticoid is one of the adrenal hormones and may be a factor in hypertension development, since glucocorticoid supplementation restored hypertension in adrenalectomized SHR (Hashimoto et al. 1989) . Furthermore, SHR had high blood glucocorticoid levels under basal condition as compared to normotensive Wistar Kyoto rats (WKY) (Hashimoto et al. 1989; Djordjevic et al. 2007 ). Hyperglucocorticoidism may have important implications for the pathological development in SHR, but the molecular mechanism of this hyperglucocorticoidism is not clear.
Glucocorticoid synthesis involves the participation of various factors, such as melanocortin 2 receptor (MC2R), steroidogenic acute regulatory protein (StAR), cytochrome P450 side chain cleavage enzyme (P450scc) and 11β-hydroxylase (P450c11) (where MC2R is an ACTH receptor, StAR delivers cholesterol to the mitochondria, P450scc catalyzes transformation of cholesterol to pregnenolone, and P450c11 converts 11-deoxycorticosterone to corticosterone, the principal glucocorticoid in rodents). Transformation of cholesterol to pregnenolone was long believed to be the ratelimiting step in steroidogenesis. This limiting step was not due to P450scc activity but, rather, to StAR activity (Kallen et al. 1998) .
These gene expressions involved in glucocorticoid synthesis are mainly regulated by steroidogenic factor 1 (SF-1). Indeed, there are SF-1 binding sites in the promoter region of MC2R, StAR, P450scc and P450c11 genes (Rice et al. 1990; Cammas et al. 1997; Caron et al. 1997a; Wang et al. 2000) . On the other hand, DAX-1, named for dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome gene 1, is coexpressed with SF-1 and known to inhibit the expression of the above-mentioned SF-1 target genes (Zazopoulos et al. 1997; Lalli et al. 1998; Zwermann et al. 2005) . The inhibitory action of DAX-1 was explained as involving its direct binding to SF-1 (Ito et al. 1997) or the hairpin structure in the promoter region of SF-1 target genes (Zazopoulos et al. 1997) .
In humans, mutations of SF-1 or DAX-1 genes were reported to impair adrenal steroid synthesis function (Muscatelli et al. 1994; Achermann et al. 1999) . Disruptions of either genes in mice produced disturbances in the development and function of the adrenal and gonadal glands (Luo et al. 1994; Yu et al. 1998) . SF-1 (+/-) mice, loaded with stress by prolonged fasting, were observed to display both greater increase of ACTH levels and smaller increase of corticosterone levels in plasma (Bland et al. 2000) . On the other hand, DAX-1 (-/Y) mice exhibited high MC2R expression in the adrenals, and the mice loaded with restraint-induced stress showed large increases of glucocorticoid levels despite a small increase of ACTH levels in plasma (Babu et al. 2002) . These observations indicate that the decrease of SF-1 suppresses glucocorticoid synthesis while a decrease of DAX-1 enhances it.
To elucidate the molecular mechanism involved in hyperglucocorticoidism in SHR, we focused on the glucocorticoid synthesis-related genes regulated by SF-1 and the balance between SF-1 and DAX-1 levels in the adrenals. In this study, we examined the expression levels of glucocorticoid synthesis-related genes, MC2R, StAR, P450scc and P450c11, and these transcription factor genes, SF-1 and DAX-1, and the protein levels of StAR, involved in the rate-limiting step in steroidogenesis, SF-1 and DAX-1 in SHR in comparison to those in normotensive WKY.
Materials and Methods

Animals
Male WKY and SHR were purchased from SLC Inc. (Shizuoka, Japan). Animals were housed in cages at 23 ± 1°C and 55 ± 5% relative humidity. The light-dark cycle was kept unchanged throughout the experiment with lights on from 08:00 to 20:00 h daily. Animals at 8 weeks of age were weighed, and their blood pressure was measured by tail cuff methods using MK-2000 (Muromachi Kikai Co., Tokyo, Japan). Serum corticosterone levels were measured by high performance liquid chromatography (Shimizu et al. 1983 ). All animal experiments were approved by the Mukogawa Women's University Animal Welfare Committee.
Real time RT-PCR
Total RNA was extracted from rat adrenals using the Sepasol RNA I super (Nacalai tesque, Kyoto, Japan). The concentration of extracted RNA was determined by absorbance readings at 260 nm with a SmartSpec Plus spectrophotometer (Bio-Rad, CA, USA). One microgram of total RNA from each sample was reverse transcribed to cDNA using the Reverse Transcription Reagent and oligo dT primers (both from (Takara, Shiga, Japan)). In a final volume of 20 μl, 2.5 ng of cDNA was mixed with the SYBR Premix Ex Taq reagents (Takara), the ROX Reference Dye (Takara) to calibrate the fluorescence detection and primers. The primer pairs were selected to yield a single PCR product based on dissociation curves. The PCR product sizes estimated on gel electrophoresis were as predicted (Fig. 1 ). The primer sequences are shown in Table 1 . Real time RT-PCR was performed using Table 1 . Nucleotide sequences of the PCR primers used
Gene
Forward Reverse
a 7000 Real-Time PCR System (Applied Biosystems, CA, USA). The thermal cycle programs were as follows: 10 s at 95°C followed by amplification of the cDNA for 40 cycles with 5 s at 95°C and 32 s at 62°C for all primers. A standard curve was run on each plate to validate the method and to determinate the efficiency of the reaction, which was taken into account in the calculations. The cDNA for the standard curve was prepared from the mixture of RNA extracted from adrenals in WKY. The concentration of this RNA was determined by a SmartSpec Plus spectrophotometer. The standard curve for each gene showed linearity. All samples were run in duplicate and the values were normalized to the values of β-actin.
Western blotting
Adrenals from each rat was homogenized in lysis buffer (pH 7.4), consisting of 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton-X and protease inhibitors cocktail (Nacalai Tesque). The protein concentration of the sample was determined by BCA protein assay reagents (Piece, IL, USA). Each sample was diluted to a protein concentration of 2 μg/μl in lysis buffer. After addition of an equivalent volume of SDS-PAGE loading buffer (pH 6.8), consisting of 0.1 M Tris, 2% SDS, 12% 2-mercaptoethanol, 20% glycerol and 0.01% bromphenol blue, the sample was denatured at 100°C for 5 min. Next, 15 μl of the sample was separated by 10% SDS-PAGE and transferred to polyvinylidendifluoride membrane using Trans-Blot semi-dry electrophoretic transfer cell (Bio-Rad Laboratories, CA, USA 
Statistical analysis
Data are generally presented as mean ± standard deviation of 4 rats per group. Because it was possible that serum corticosterone levels were influenced by simple handling and experimental procedures, such as moving cage (Gärtner et al. 1980) , the levels were measured for 10 rats per group to obtain valid results. Differences in the data between groups were analyzed by Student's t-test. Statistical significance was considered at p < 0.05. Analyses were performed using Excel 2000 (Microsoft, WA, USA).
Results
Physiological parameters and serum corticosterone levels
Body weight did not differ between SHR and WKY (WKY at 235.5 ± 4.4 g vs. SHR at 234.5 ± 7.0 g, p = 0.82) ( Table 2) . However, the adrenal weight in SHR was significantly smaller than that in WKY (WKY at 31.0 ± 1.5 mg vs. SHR at 24.6 ± 0.8 mg, p < 0.05). Blood pressure in SHR was significantly higher than that in WKY (WKY at 98.0 ± 6.9 mmHg vs. SHR at 177.1 ± 10.1 mmHg, p < 0.05). The serum corticosterone level in SHR was higher than that in WKY under basal condition (WKY at 53.4 ± 43.9 ng/ml vs. SHR at 125.1 ± 87.2 ng/ml, p < 0.05). 31.0 ± 1.5 24.6 ± 0.8* Blood pressure (mmHg) 98.0 ± 6.9 177.1 ± 10.1* Serum corticosterone (ng/ml) 53.4 ± 43.9 125.1 ± 87.2* WKY, Wistar Kyoto rats; SHR, spontaneously hypertensive rats. Values are mean ± SD (n = 4-10); * p < 0.05.
MC2R, StAR, P450scc and P450c11 in adrenals
MC2R, StAR, P450scc and P450c11 mRNA levels in SHR were 1.7-fold, 1.9-fold, 1.4-fold and 2.6-fold higher than those in WKY, respectively (p < 0.05) (Fig. 2) . In Western blot analysis, the immunoreactive band of StAR was detected at 30 kDa (Fig. 4) . StAR protein level in SHR was 1.5-fold higher than that in WKY (p < 0.05).
SF-1 and DAX-1 in adrenals
SF-1 mRNA level did not differ in the adrenals of between SHR and WKY (p = 0.91) (Fig. 3) . On the other hand, DAX-1 mRNA level in SHR was 2.4-fold lower than that in WKY (p < 0.05). In Western blot analysis, immunoreactive bands of SF-1 and DAX-1 were at 53 kDa and 52 kDa, respectively (Fig. 4) . The SF-1 protein level did not differ in the adrenals of between SHR and WKY (p = 0.64). On the other hand, the DAX-1 protein level in SHR was 1.3-fold lower than that in WKY (p < 0.05). Accordingly, DAX-1 in adrenals from SHR was decreased in both mRNA and protein levels.
Discussion
The weights of adrenals in SHR were reported to consistently increase during the period of rapidly escalating blood pressure (Iams et al. 1979) . However, the value in SHR at 8 weeks, which have early onset of hypertension, was found to be smaller than that in WKY, and furthermore, the value in SHR after 12 weeks whose blood pressure was elevated to 230-250 mmHg was almost the same as that in WKY (Fukuda et al. 2004) , indicating that hypertension in SHR is genetically programmed irrespective of adrenal hypertrophy. In this study, we found that the weight of the adrenals in SHR was lower than that in WKY, although the body weight was almost the same, and the blood pressure in SHR was higher than that in WKY (Table 2) . These findings led us to assume that SHR at 8 weeks could be a convenient model rat for analyses of the characteristic alterations in gene expressions related to glucocorticoid synthesis in the adrenals at the early onset of hypertension. SHR at 8 weeks under basal conditions had a higher blood corticosterone level than WKY (Table 2) , as previously reported for SHR at 15 weeks (Djordjevic et al. 2007) .
The expressions of genes related to glucocorticoid synthesis, MC2R, StAR, P450scc and P450c11, were investigated in the adrenals from SHR accompanied by hyperglucocorticoidism. These expression levels in SHR were higher than those from WKY, respectively (Fig. 2) . In a recent report, the gene expression profiles in adrenals from SHR were examined using DNA microarrays, and the data were compared with those from WKY (Ashenagar et al. 2010 ). However, we did not find this in our study. The reasons might be that the reported study focused on genes with more than 4-fold or less than 1/4-fold expression changes, and covered a fewer number of comparisons. According to another report using a semi-quantitative method, gene expression of P450c11 in adrenals from SHR was not different from that in WKY while gene expression of aldosterone synthase (P450aldo) was lower (Okamoto et al. 1995) . Our results using quantitative PCR showed that gene expression of P450c11 in SHR was higher than that of WKY while gene expression of P450aldo did not differ (data not shown) in WKY. MC2R, StAR, P450scc and P450c11 genes, indicating high expression levels in SHR in this study, are known to contain SF-1 binding sites in the promoter region and to be regulated by SF-1 (Rice et al. 1990; Cammas et al. 1997; Caron et al. 1997a; Wang et al. 2000) . On the other hand, gene expression of P450aldo was decreased by overexpression of SF-1 in adrenocortical cells (Ye et al. 2009 ). These findings suggest that the transcriptional activity of SF-1 may be enhanced in the adrenals from SHR.
Subsequently, high expression of the glucocorticoid synthesis-related gene was then confirmed at the protein level. In steroid hormone synthesis, StAR regulated the rate-limiting step by controlling the delivery of cholesterol from the outer membrane to the inner membrane of mitochondria, where cholesterol was further converted to pregnenolone by P450scc (Stocco et al. 2005) . In fact, mice lacking StAR and P450scc show severe defects in adrenal steroidogenesis (Caron et al. 1997b; Hu et al. 2002) . Consequently, our present study compared the StAR protein level in adrenals between SHR and WKY. The high mRNA level of StAR in SHR was reflected in the protein level (Fig. 4) . Accordingly, not only mRNA but also protein levels of factors involving adrenal glucocorticoid synthesis are characteristic of SHR.
The glucocorticoid synthesis-related genes shown in Fig. 2 were upregulated by SF-1. On the other hand, DAX-1 inhibited the expressions of these SF-1 target genes (Zazopoulos et al. 1997; Lalli et al. 1998; Zwermann et al. 2005 ). Our present study focused on these two transcription factors, and the mRNA and protein levels in adrenals were compared between SHR and WKY. The mRNA and protein levels of SF-1 did not differ (Figs. 3 and 4) , but the mRNA and protein levels of DAX-1 in SHR were significantly lower than those in WKY. Cases of DAX-1 decrease or deficiency in the adrenal cells have already been reported. Screening a number of adrenocortical tumors, showed that gene expressions between DAX-1 and MC2R were negatively correlated (Zwermann et al. 2005) . DAX-1 (-/Y) mice under stress condition produced high glucocorticoid levels in spite of low ACTH levels in the blood, and, furthermore, increased MC2R levels in the adrenals (Babu et al. 2002) . By comparison, the same pattern, a high glucocorticoid level in spite of a low ACTH level, was also observed in SHR (Hashimoto et al. 1989 ). These findings suggested that the decrease of DAX-1 might be related to the high expression levels of adrenal glucocorticoid synthesis genes targeted by SF-1 and hyperglucocorticoidism in SHR. Further work is needed to clarify the molecular mechanism of hyperglucocorticoidism in SHR. On the other hand, ACTH stimulation has been reported to induce changes in the SF-1/DAX-1 protein ratio to fine tune ACTH responsiveness in adrenocortical cells (Ragazzon et al. 2006) . Accordingly, not only the genetic but also the hormonal influences should be considered in trying to elucidate the mechanism of DAX-1 decrease in SHR.
In conclusion, this study found that expression levels of glucocorticoid synthesis-related genes, MC2R, StAR, P450scc and P450c11, were high in the adrenals from SHR in comparison with WKY. In studying the transcription factor for these genes, the expressions of SF-1 involved in positive regulation did not differ between SHR and WKY, but those of DAX-1 involved in negative regulation were significantly lower in SHR than those in WKY. These findings suggested that decrease of DAX-1 enhanced SF-1 transcriptional activity and then enhanced the expressions of glucocorticoid synthesis genes targeted by SF-1 in SHR. To clarify the molecular mechanism of the hyperglucocorticoidism in SHR, further study is needed based on this new perspective, focusing on the SF-1/DAX-1 balance.
